We present a comparison of the dissolved stable isotope composition of silicate (d 30 Si(OH) 4 ) and nitrate (d 15 NO 2 3 ) to investigate the biogeochemical processes controlling nutrient cycling in the upwelling area off Peru, where one of the globally largest Oxygen Minimum Zones (OMZs) is located. Besides strong upwelling of nutrient rich waters mainly favoring diatom growth, an anticyclonic eddy influenced the study area. We observe a tight coupling between the silicon (Si) and nitrogen (N) cycles in the study area. Waters on the shelf showed high Si(OH) 4 concentrations accompanied by diminished NO values (116&). In the eddy center, high NO 2 3 : Si(OH) 4 ratios favored the growth of non-siliceous organisms (Synechococcus). Our data show that upwelling processes and the presence of eddies play important roles controlling the nutrient cycles and therefore also exert a major influence on the phytoplankton communities in the Peruvian Upwelling. Our findings also show that the combined approach of d 30 Si(OH) 4 and d 15 NO 2 3 can improve our understanding of paleo records as it can help to disentangle utilization and N-loss processes.
Introduction
The upwelling area off Peru is characterized by extremely high primary productivity (Thiede and Suess, 1983; Berger et al., 1989; Pennington et al., 2006) and one of the globally largest Oxygen Minimum Zones (OMZs) with oxygen levels below 5 lmol L 21 mainly between 100 m and 500 m water depth Fuenzalida et al., 2009) . The extent and strength of the OMZ is a function of ventilation via ocean circulation and degradation of organic matter depending on primary productivity in the euphotic zone, which is driven by upwelling, and exerts major influence on nutrient cycling. The high productivity close to the shelf is mainly induced by upwelling of subsurface waters with high phosphate (PO 32 4 ), silicic acid (Si(OH) 4 ), and iron (Fe) concentrations (Bruland et al., 2005) . Besides strong surface and subsurface currents, eddies are reoccurring hydrographic features in the area off Peru (Chaigneau et al., 2008; Stramma et al., 2013) , which have a strong influence on the local biogeochemical cycles. A model study of eastern boundary upwelling systems by Gruber et al. (2011) suggested that high eddy activity is associated with low levels of biological production, leading to reduced export of organic matter. This is in contrast to other studies in the open ocean, which came to the conclusion that eddies lead to enhanced productivity due to intrusion of nutrients into surface waters (e.g., McGillicuddy et al., 1998) . In general, cyclonic eddies and mode water eddies inject nutrients from below into the euphotic zone, while anticyclonic eddies decrease the nutrient content of the euphotic zone, which has also implications on the phytoplankton communities (e.g., Thompson et al., 2007; Bibby and Moore et al., 2011; Stramma et al., 2013) . The dominant phytoplankton species in the upwelling region are diatoms (Estrada and Blasco, 1985; Franz et al., 2012) , which require Si(OH) 4 to form their biogenic silica (bSiO 2 ) shells (Lewin, 1961) and which contribute approximately 75% to the primary production in coastal and nutrient rich zones (Nelson et al., 1995) . In contrast, the offshore regions in the Eastern Equatorial Pacific (EEP) are rather characterized by high nutrient, low chlorophyll (HNLC) conditions (Strickland et al., 1969; Thomas, 1979) and are dominated by non-siliceous organisms, such as the cyanobacteria Synechococcus and Prochlorococcus (Franz et al., 2012) . Phytoplankton uses both new and recycled nitrogen in the form of different Nspecies including nitrate (NO and Si(OH) 4 at a 1 : 1 ratio (Brzezinski 1985; Ragueneau et al., 2000) , but stress, such as Fe limitation can lead to an enhanced uptake of Si(OH) 4 relative to NO 2 3 resulting in heavier silicified frustules of the diatoms (Hutchins and Bruland, 1998; Franck et al., 2000) . Therefore, the deviation from the 1 : 1 NO 2 3 to Si(OH) 4 ratio can serve as an indicator for the degree of utilization of NO 2 3 over Si(OH) 4 . A higher relative utilization of Si(OH) 4 is consequently reflected by higher NO 2 3 /Si(OH) 4 (N/Si) ratios resulting in either less silicified diatoms or even enhanced prevalence of non-siliceous organisms (Conley and Malone 1992; Wilkerson and Dugdale, 1996) .
Biological processes controlling present and past Si and N cycling in the upwelling area off Peru are traceable by their stable isotope distributions in the water column. They can be used for example, as indicators for utilization processes because the lighter isotopes are preferentially incorporated into the organisms (e.g., Montoya and McCarthy, 1995; De LaRocha et al., 1997) . In general, the biogeochemical processes are accompanied by specific fractionation factors (e.g., Mariotti et al., 1981) and can be expressed as offset (D) , where the isotopic composition (IC) of the source (e.g., the Si(OH) 4 in seawater) is subtracted from the IC of the product (e.g., a diatom) or as the fractionation factor a, where the IC of the product is divided by the IC of the source.
D5d Product 2d Source (1)
For an easier handling, a is often expressed as the enrichment factor (e):
e5 a21 ð ÞÃ1000
Literature on N isotope biogeochemistry commonly uses inverse fractionation factors, resulting in a > 1 and therefore positive enrichment factors. In the following, we will use the relationships (2) and (3), which are commonly used in Si isotope literature.
The isotope composition of Si is fractionated during incorporation into diatom shells with an enrichment factor ( 30 e) of 20.5& to 22.1& (De La Rocha et al., 1997; Milligan et al. 2004; Sutton et al., 2012) , which leaves the surrounding seawater enriched in the heavy isotopes. It is still under discussion if there is also a fractionation during dissolution of bSiO 2 material. A laboratory study by Demarest et al. (2009) indicated a fractionation with the release of lighter isotopes into solution, whereas a more recent study by Wetzel et al. (2014) was not able to confirm fractionation during diatom dissolution. Thus, the Si isotope distribution in oceanic waters is mainly controlled by utilization in the surface waters, remineralization and water mass mixing (e.g., Reynolds et al., 2006; Grasse et al., 2013) .
Laboratory studies have shown that the utilization of NO 2 3 by phytoplankton is highly variable with enrichment factors ( 15 e) ranging from 21& to 220& with no clear relationship between different marine species (e.g., Montoya & McCarthy, 1995; Needoba et al., 2003; Granger et al., 2004 Granger et al., , 2010 . In contrast, field studies generally obtained lower 15 e of approximately 25 to 210&, with most estimates closed to 25& (e.g., Wada, 1980; Altabet, 2001) . In OMZs, a number of additional processes occur that influence the dissolved N isotope composition. Low oxygen concentrations (2 to 10 lmol L Kalvelage et al., 2013) . Another NO 2 3 reducing process is the dissimilatory reduction of NO 2 3 to NH 1 4 (DNRA), which also occurs under anaerobic conditions. NO 2 3 reduction is known to result in both strong N as well as O isotopic fractionation (e 15 N5 220& to 230&; e.g., Granger et al., 2008; Casciotti, 2009) (Casciotti and McIlvin, 2007) . There are also processes that regenerate bioavailable N, like N 2 fixation by cyanobacteria and in situ regeneration of N via nitrification (NH
3 ; e.g., Deutsch et al., 2007; Fern andez et al., 2009 Altabet and Francois, 1994; Altabet, 2006; Mollier-Vogel et al., 2012) . Therefore, it is difficult to disentangle the influence of utilization and the N-loss signals, which can cause difficulties in the interpretation of paleo records (Mollier-Vogel et al., 2012) . In contrast, Si isotopes are subject to a relatively simple cycling mainly influenced by utilization and subsequent dissolution of diatoms. An approach using a combination of both isotope systems will therefore be helpful to understand and reconstruct the marine biogeochemical cycles of nutrients in upwelling areas. For this purpose, it is crucial to understand the factors controlling the Si(OH) 4 and NO 2 3 cycles and the supply of these nutrients to the euphotic zone, as well as primary productivity, remineralization processes, and water mass mixing.
Here, we present combined nutrient concentrations and stable isotope compositions of dissolved Si(OH) 4 and NO 
Material and methods
All samples were collected during cruise M77-3 with the German RV Meteor between end of December 2008 and January 2009 in the frame of the Collaborative Research Center (SFB) 754: Climate -Biogeochemistry Interactions in the Tropical Ocean. Seawater samples were collected along a 108S transect perpendicular to the Peruvian Coast (Fig. 1 , Table S1 ). Seawater samples for nutrient and oxygen concentration, as well as for Si and N isotope measurements were collected using a Seabird CTD Rosette System equipped with oxygen sensors. Oxygen concentrations were determined with the O 2 -sensor of the CTD and were later calibrated with bottle data obtained by Winkler titration (Winkler, 1888) . Samples for nutrient measurements were frozen (2208C) on board immediately after sampling and were measured in the laboratory of the Max Planck Institute (MPI) for Marine Microbiology in Bremen with an autoanalyzer (TRAACS 800, Bran & Lubbe, Hamburg, Germany). Nutrient concentrations were measured following Grasshoff et al. (1999) . Si(OH) 4 concentrations of the frozen samples were compared to selected filtered and acidified (non-frozen) samples. The reproducibility ranged between 5 and 10% (see also Ehlert et al., 2012) . Concentrations of particulate organic nitrogen (PON), and bSiO 2 were adapted from Franz et al. (2012) . Seawater samples for Si isotope measurements were immediately filtered on board through nitrocellulose acetate filters (0.45 lm pore size) and were then acidified with distilled HCl to pH 2. At GEOMAR Si was separated from the samples using a brucite-coprecipitation method following Karl and Tien, 1992 Strub et al., 1998; Penven et al., 2005; Kessler, 2006; Ayon et al., 2008; Karstensen and Ulloa, 2008;  and ADCP data according to Czeschel et al., 2011) . [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] yields >97% were accepted for isotopic measurements given that incomplete precipitation would lead to isotopic fractionation of the Si in the samples. For Si isotope measurements, samples were purified following the method by Georg et al. (2006) and measured on a NuPlasma MC-ICPMS (Nu instruments) at GEOMAR. For a detailed method description, see Ehlert et al. (2012) and Grasse et al. (2013) . Si data for Station 807 were adapted from Ehlert et al. (2012) .
Seawater samples for d
and Altabet, 2005) . NaCl was added to ensure consistent quantitative yields (Ryabenko et al, 2009 ). Samples were analyzed at GEOMAR and the SMAST using a purge-trap isotope ratio mass spectrometer (PT-IRMS) system. Si and N isotope compositions are reported in the d notation representing the deviations of the measured isotope ratios of the samples from that of a reference standard in parts per thousand (&): ). Deep water masses are not shown as only data in the upper 300m are discussed. For other water masses in the study area, see also Grasse et al. (2012) 
Results

Hydrographic setting of the study area
The main subsurface currents influencing the Peruvian upwelling ( Fig. 1b) are the southward flowing Peru-Chile Countercurrent (PCCC) and the Peru-Chile Undercurrent (PCUC). The PCUC flows very close along the shelf between 50 m and 150 m water depth and represents the main source for the coastal upwelling (Huyer et al., 1987; Karstensen and Ulloa, 2008) . The PCUC is partly fed by the Equatorial Undercurrent (EUC) and the Southern Subsurface Countercurrent (SSCC), which supply oxygen-rich waters to the upwelling area (Brink et al., 1983; Toggweiler et al., 1991; Fiedler and Talley, 2006) . The sampling locations on the shelf (Sta. 807, 809 and 810) were dominated by upwelled waters mainly derived from the southward flowing PCUC, as reflected by low sea surface temperatures (Fig. 2) . The main northward flowing subsurface current influencing the sampling location is the Peru Coastal Current (PCoastalC) at distances of approximately 100 km to 300 km from the shore (Strub et al., 1998; Penven et al., 2005; Karstensen and Ulloa, 2008) . Unfortunately no ADCP data are available for the 108S transect. However, the velocity distribution along at 68S and 148S section were recorded in February 2009 during Meteor cruise M77-4 (Czeschel et al., 2011) and show that at the PCoastalC, advected from the south from approx. 778W, 148S to 828W, 68S. Flowing northward, the surface current were subducted to 150 m to 300 m water depth and mainly influenced nearshore Sta. 812. Sta. 1 and 5 show a salinity minimum at about 50 m to 100 m (26 kg m 23 ; Fig. 2 ), which is also characterized by a Si(OH) 4 depletion resulting in an Si* of 230 (Si*5Si(OH) 4 -16*PO 2 4 , Supporting Information Fig. A1 ). This salinity minimum is ascribed to the admixture of "Shallow Salinity Mode Water" (SSMW, also called Eastern South Pacific Intermediate Water [ESPIW]), which originates from sinking of subantarctic surface waters at about 458S off the Chileanen Coast ( Fig. 2 ; Reid, 1973; Karstensen, 2004) .
In addition to the above currents, the complex hydrographic system off Peru is influenced by mesoscale eddies, which transport waters from the shelf offshore (Chaigneau et al., 2008; Altabet et al., 2012) . During the time of sampling in January 2009, a large anticyclonic coastal eddy entraining upwelled subsurface shelf waters was present in the study area, clearly visible in the Sea Level Anomaly (SLA) data ( ; Fig. 1 ). The inner diameter of the eddy structure amounted to approximately 300 km and elevated chlorophyll concentrations of the outer filament were detected up to a longitude of 828W to 858W corresponding to the location of Sta. 4 in the center of the filament and Sta. 5 on its edge, whereas Sta. 2 was located in the center of the East/West extent of the eddy, which is characterized by low chlorophyll concentrations. In relation to its North/South extent Sta. 2 was close the edge of the northern eddy filament. In the following, we categorized the different hydrographic areas along the 108S transect into coastal stations (Sta. 807, 809, 810), nearshore stations (Sta. 812, 1), the Eddy center (Sta. 2), and the outer filament of the eddy including the offshore stations (Sta. 3, 4, 5).
Distribution of stable isotope compositions, nutrients, and oxygen concentrations along the 108S transect
The distribution of dissolved d Table S1 ). The depth of the oxycline varies between 20 m and 90 m (closely following a potential density of 26.1 kg m
23
) and is shallowest at Sta. 807 on the shelf and deepest at Sta. 2 in the center of the eddy. Below the oxycline, oxygen concentrations are essentially below 10 lmol L2, mostly at concentrations close to 0 lmol L 21 (Fig. 4a) 
Rayleigh-type isotope fractionation model
To estimate the enrichment factors for Si and N isotopes in surface waters and within the OMZ, we applied a Rayleigh-type fractionation model (Supporting Information  Fig. A3 ) in which the stable isotope compositions are related to the natural logarithm of the respective nutrient concentrations. A Rayleigh-type model describes a closed system, to which after a single input no additional nutrients are newly supplied (Mariotti et al., 1981) . We are aware of the fact that the Raleigh-type model does not realistically describe the highly dynamic hydrographic system in the Peruvian upwelling system, which can be better approximated by a steady state model characterized by a continuous re-supply of nutrients (Ehlert at al., 2012) . Along the 108S transect this is, however, difficult to realize given that we have to assume an initial nutrient concentration for all stations. Based on the applied model we estimate an enrichment factor of 20.5& (r 2 5 0.9) for the surface water utilization of Si(OH) 4 (Supporting Information Fig. A3a ). 
Discussion
We determined the upper water column distribution of d 3 cycling and the supply of these nutrients to the euphotic zone. The Si(OH) 4 and NO 2 3 concentrations in surface waters and within the OMZ show a large variability, which is reflected differently by their stable isotope compositions as a function of water mass mixing and specific fractionation processes in the N and Si systems. In the following, we attempt to disentangle these processes along the 108S transect and visualized them in a schematic diagram (Fig. 7) . Franz et al. (2012) . Siliceous Organisms (diatoms) are mainly dominant on the shelf, whereas non-siliceous organisms (Synechococcus, Prochlorococcus) dominate the eddy center and the offshore stations of the transect. For the main hydrographic regions also, the stable isotope composition in upper ML were classified as low d Table 1 . Parameters for the calculation of the Si IC in pore waters. Pore water depth within the sediment is given in cm. The depth of the southward PCUC as well as the bottom water depth is given in m in the water column. (Fig. 4) . These elevated Si(OH) 4 concentrations are either a consequence of dissolution of bSiO 2 in the water column or of release from the sediments. In general, the dissolution of bSiO 2 in seawater is mainly controlled by physical parameters, such as temperature and pH (Lewin, 1961; Natori et al., 2006) , but bacterial activity can lead to higher dissolution rates because it destroys the protecting organic layer of the diatom frustules (Bidle and Azam, 1999; Bidle et al., 2002) . Given that bacterial activity is enhanced in OMZs (Diaz and Rosenberg, 2008; Ulloa et al., 2012) , the dissolution of diatoms will be accelerated and may explain the pronounced increase in Si(OH) 4 and decrease in d
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Si(OH) 4 with depth. A previous field study by Grasse et al. (2013) in the EEP did, however, not find a clear link between bSiO 2 remineralization within the OMZ and the dissolved d 30 Si(OH) 4 . In addition, potential Si isotope fractionation during dissolution is still under discussion and might either have a low or neglectable effect (Demarest et al., 2009 , Wetzel et al., 2014 .
Elevated Si(OH) 4 concentrations are also visible within the southward flowing PCUC (Ehlert et al. 2012 
Due to high Si(OH) 4 concentrations in pore waters their contribution is estimated to be only 4% whereas the remaining of 96% originate from the PCUC. Applying these calculated fractions to the water masses at Sta. 807 the Si isotope composition of pore waters can be estimated according to a two-endmember equation
According to this calculation a d
Si PW signature of 10.7& on the shelf would be necessary to explain the light Si isotope signature in bottom waters (1 1.2&). This would imply that marine sediments characterized by high levels of bSiO 2 remineralization and high Si(OH) 4 fluxes are an important source for isotopically light Si. Unfortunately the Si fluxes from sediments are as yet not well constrained and have to be further investigated in order to arrive at better constrained estimates for the Peruvian shelf and for the marine Si budget in general (Tr eguer and De LaRocha, 2013) .
Processes controlling the nitrogen cycle on the shelf
The N cycle on the shelf is prominently characterized by diminished NO (Fig. 4e,f) . d 15 NO 2 3 is elevated within the OMZ due to denitrification and anammox processes, which have enrichment factors ranging from 220& to 230& (Brandes et al., 1998; Voss et al., 2001; Brunner et al., 2013) leaving the water column enriched in the heavy isotopes. On the basis of our d 15 NO 2 3 data, it is not clearly distinguishable if the main N-loss processes are driven by anammox and/or denitrification. While a study by Kalvelage et al. (2013) found that anammox is the major process in the water column along the Peruvian shelf, the results of a study by Bohlen et al. (2011) showed that at the sediment-seawater interface at 300 m to 1000 m water depth denitrification is the most important process along the Peruvian slope.
During the first step of the denitrification process NO produced. The N cycling on the Peruvian shelf is highly variable on short time scales and shows a tight coupling between different N processes. Overall, the shelf stations were obviously mainly influenced by sediment-seawater interactions, which led to a major decrease in NO 2 3 and an increase in NO 2 2 concentrations within the OMZ. Despite that NO 2 3 concentrations are strongly depleted in the subsurface waters on the shelf as also indicated by low NO 2 3 : Si(OH) 4 ratios ($0.5), the surface waters are at the same time not depleted in NO 2 3 , which is most likely caused by N recycling processes above the oxycline (NO 2 3 : Si(OH) 4 $2.5) and admixture of other water masses (Fig. 7) . In the following chapter, we will discuss the processes influencing the nutrients and the stable isotope signatures in the ML as well as the supply of water masses.
Processes in the mixed layer influenced by upwelling and the eddy circulation: silicon and nitrogen cycling During utilization of Si(OH) 4 and NO and 24.8&, respectively, were estimated (Ehlert et al., 2012; Mollier-Vogel et al., 2012 (Sigman et al., 2009 (Sigman et al., , M€ obius, 2013 . Generally PON is more efficiently recycled (up to 70%) in the ML than bSiO 2 ($ 50%) (Dugdale and Wilkerson, 1998; Demarest et al., 2011) . The importance of remineralization in the surface waters has previously been demonstrated by a study of Fernand ez et al. (2009) who suggested that the surface waters off Peru are not only fuelled by "new" upwelled NO 2 3 from below but that also "regenerated" N within the first meters of the water column plays an important role.
The availability of nutrients, influenced by water mass supply and remineralization also has a direct influence on the phytoplankton communities. During the sampling period, the dominating phytoplankton species in the eddy center where the thermocline deepened, stratification was stronger and surface waters were highly depleted in Si(OH) 4 compared to NO 2 3 was Synechococcus, a picocyanobacterium (Franz et al., 2012; Fig. 7) . Recently, Baines et al. (2012) discovered that Synechococcus can store high amounts of Si(OH) 4 and therefore can have a major influence on the marine Si cycle. So far, it is not known if the incorporation of Si(OH) 4 into Synechococcus is accompanied by significant Si isotope fractionation, but if so, the high abundance of Synechococcus could be the reason for the observed Si depletion. The high NO 3 (116&) most likely reflect the isotope composition of surface waters on the shelf, which are transported toward the offshore region via the eddy flow path and thereby are depleted in nutrients and heavier in their isotopic signals due to continuous utilization (a quasi-closed Rayleigh system; Figs. 1a, 5) . NO influence on the phytoplankton communities, as already shown by a study from Vaillancourt et al. (2003) in the North Pacific that showed higher abundances of Synechococcus outside of a cyclonic eddy. Their cyclonic eddy was characterized by low NO 2 3 : Si(OH) 4 ratios ($0.8) in its center and even lower NO 2 3 : Si(OH) 4 ratios ($0.2) outside the eddy. In general, cyclonic eddies and mode water eddies inject nutrients from below into the euphotic zone while anticyclonic eddies decrease the nutrient content of the euphotic zone, which has also implications on the phytoplankton communities (e.g., Thompson et al., 2007; Bibby and Moore et al., 2011) . Therefore, both the eddy types as well as the nutrient characteristics of the source waters clearly play an important role.
Stable isotope compositions and nutrient concentrations within the OMZ: Si and N cycling
The OMZ in the study area is characterized by oxygen concentrations below 5 lmol L
21
. The oxycline along the 108S transect varied between 20 m and 90 m water depth closely following the 26.1 kg m 23 density surface and was strongly affected by the eddy, which caused a significant deepening of the oxycline at Sta. 2 (Fig. 4) . The influence of the eddy on the nutrient distribution is therefore not only visible at the surface but also at greater depth (e.g., Altabet et al. 2012; Stramma et al., 2013 (Granger et al., 2008) . Deviations from this relationship have been interpreted as evidence for co-occurrence of other N transformation processes including NO 2 2 oxidation and contributions from N 2 fixation (Sigman et al., 2005; Casciotti and McIlvin, 2007 reduction is the main process. Applying a Rayleigh-type model an enrichment factor for N-loss of 219.2& was estimated within the OMZ, which is in agreement with published data from Casciotti (2009) and Ryabenko et al. (2012) . However, a clear distinction if anammox or denitrification is the dominating process cannot be made.
Besides N-loss processes within the OMZ also nitrification occurs which ultimately generates NO 2 3 . Generally, nitrification occurs in the aerobic waters, but a study by Ward et al. (1989) suggested that nitrification also takes place within the upper OMZ off Peru. Nitrification is associated with an inverse fractionation effect ($113&) (Casciotti and McIlvin, 2007; Casciotti, 2009) opposite in sign to the one expected for denitrification ($ 225&) (Barford et al., 1999; Granger, 2006) . A close coupling between denitrification and nitrification, could therefore result in the net elevated d 15 NO 2 3 signatures given that the fractionation factor for denitrification is nearly double as high as the reverse one for nitrification (Casciotti, 2009 (Fig. 4f) . The elevated d ) compared with another anticyclonic mode water eddy south of our study area ($168S), which showed extremely high d
NO
2 3 values (up to 170& in its center) and highly depleted nitrate concentrations (Bourbonnais et al., 2015) . These authors therefore suggested that eddies are "N-loss Hotspots." At 168S NO 2 3 concentrations are generally lower, which is also indicated by very low N* values (Zamora et al., 2012) compared to our study area. However, the anticyclonic eddy investigated in our study rather suggests that these eddies are not generally "N-loss hotspots" and shows that their influence on biogeochemical cycling of nutrients is highly dependent on the history of their source waters.
Factors controlling the silicon and nitrogen cycle in the Peruvian Upwelling: what can we learn from the combination of silicon and nitrogen isotopes
In this study, the first direct comparison between the distributions of dissolved d 30 Si(OH) 4 and d 15 NO 3 in the OMZ of the Peruvian Upwelling area serves to better understand the factors controlling the biogeochemical cycling of both nutrients (Fig. 7) . Samples were taken along a 108S transect perpendicular to the Peruvian coast and therefore covered a large range of different hydrographic settings including strong upwelling and locations influenced by the eddy. Upwelling as well as the eddy had a large influence on the Si(OH) 4 and NO 2 3 concentrations, as well as on the corresponding isotopes. Along with the Eddy nutrients were transported offshore and our data are consistent with continuous utilization along the transport pathway, which especially led to Si depleted waters offshore. In contrast, even though N-loss processes within the OMZ diminished the NO 2 3 concentrations, NO 2 3 was never completely utilized in surface waters. This was due to efficient recycling and re-supply of NO 2 3 within the upper water column (above the OMZ), which is reflected by the stable isotopes confirming that N is more efficiently recycled in the upper water column than Si. The higher regeneration efficiency of N is also traceable by the pronounced Si deficit (Si*) above the oxycline. Very low Si(OH) 4. There we also found a strong negative coupling between Si(OH) 4 and NO 2 3 concentrations, most likely because the organic matter fueling the N-loss processes is derived from sinking diatoms. Our study shows that in upwelling regions, which are characterized by high productivity, decomposition of organic matter and therefore a pronounced OMZ, the Si and N cycles are strongly linked: surface waters on the shelf influenced by strong upwelling show a negative coupling between Si and N isotopes (low d N, which is ultimately buried in the sediments (e.g., Altabet et al., 1994; Altabet, 2006; MollierVogel et al., 2012) . In general, the d concentrations and the corresponding stable isotope signatures are strongly positively correlated within the surface ML at nearshore and offshore stations including regions where siliceous organisms are not dominating the phytoplankton community (Fig. 7) . A positive correlation between d
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Si and d 15 N would thus indicate that the signal preserved in sediments is derived from utilization processes of both nutrients. A recent study by Ehlert et al. (2015) already used the combined approach of both stable isotope obtained from sediment cores and concluded that during the past $ 650 years d 15 N has to a large extend been controlled by utilization of NO 2 3 and not by N-loss processes as previously suggested. In upwelling areas where the Si and N cycles are closely linked, the dual isotope approach using Si and N isotopes will therefore lead to a better understanding of present and past biogeochemical processes and help to identify source waters.
